Introduction 3 0
The last two decades have seen a growing trend towards adopting the nonlinear measure of 3 1 largest Lyapunov exponent (LyE) to quantify structure variability in experimental time series Rosenstein's method to make it more robust to noise and this is the first time that this issue is 7 5 being tackled.
6
The first aim of this study was therefore to investigate the effect of increasing the number of 7 7 initial neighboring points on the LyE value in the presence of noise. Furthermore, since 7 8
Rosenstein, Collins and De Luca [8] suggested filtering to rectify noise, a second aim of the 7 9 study was to compare the LyE calculated using the proposed method to that of using filtering The approach proposed here is a revision to Rosenstein et al. (1993) , algorithm in that the nearest 
Taking the logarithm from both sides of (1d) results in:
is determined using a linear fit to the following curve:: The simplest passive dynamic walker (PDW) model has been widely adopted in the studies of 1 1 4 bipedal locomotion [13, 17] . The model comprised of two massless legs connected by a 1 1 5 frictionless hinge joint at the hip. It has point masses at the hip and the feet (Figure 1 walking down a slope of angle γ , the stance leg rotates as an inverted pendulum until the swing stance leg becomes the new swing leg for the next step. It has been shown that the model 1 2 0 exhibits a period-1 limit-cycle behavior for γ ≤ 0.019 rad [17] . The motion of the model is 1 2 1 described by two second-order differential equations:
where st θ is the angle of the stance leg with respect to the perpendicular to γ and sw φ is the angle 
where the "+" superscript indicates the system state just after the foot contact and the "-" 1 2 8 superscript indicates the system state just before the foot contact. Walking data were generated 1 2 9 by integrating equations (3a) and (3b) considering switching specified in Equations (3c) and 1 3 0 (3d). For our study, γ was set at 0.009 rad. the noise was so that to be in the range of previous studies [8, 13, 14] . GWN is used as it The LyE values calculated for Lorenz system in different noise levels and with different number of neighboring points are gathered in Table 1 . The associated %Difference is also shown in 1 7 1 Figure 2 . The %Difference reaches a plateau at the 15-point neighboring condition (less than 1% 1 7 2 difference) onwards for all noise levels. condition (also less than 1% difference) and remains in this region for all noise levels. The LyE values for sacrum and ankle using motion capture system and the associated 1 7 7 %Difference are depicted in Table 3 and Figure 3 , respectively. For both sacrum and ankle, the condition for all directions. Moreover, the %Difference is negative in all graphs except for ankle 1 8 0 vertical direction. The results for Acceleration data is similar to motion capture (Table 4 and 1 8 1 Figure 4 ). That is, the graphs reach a plateau and the %Difference fell under 1% at the 15-point 1 8 2 neighboring condition. Finally, filtering the signals with the residual frequency ( The objectives of this study were to investigate the effect of increasing the number of initial LyE value for neighboring points more than 15 data points. In addition, filtering with the residual values calculated with the proposed method. For almost all time series, the %Difference fell within 1% threshold from the 15-point 1 9 3
neighboring condition onwards implying that selecting at least 15 initial neighboring points 1 9 4 results in a reliable computation of LyE. This is also clear from the graphs (Figures 2 and 3) 1 9 5
where they plateaued at the 15-point condition onwards. It should however be noted that this 1 9 6
finding is specific to the current study where each cycle was time-normalized to 100 data points 1 9 7 and the average mean period of the constructed state vectors was around 80 data points. Therefore, the emphasis of this study is to demonstrate the feasibility of the proposed method 1 9 9
and not necessarily, the number of initial points found. Moreover, the 1% threshold found here 2 0 0
was not set a priori and rather was a post hoc finding of the study. Therefore, in line with the 2 0 1 previous point, the plateau threshold for biomedical signals with distinct characteristics could be 2 0 2 different to what found in this study. In addition, it was found that the %Difference was positive for mathematical time series whereas 2 0 4 it was negative for experimental time series (Figures 2-4) . This means the LyE value increased which leads to a lower average initial distance at each time step and lower lyE values for higher 2 1 5 neighboring conditions. The findings also indicated that a lowpass filtering with residual cutoff frequency resulted in 2 1 7 overestimating of the LyE ( to the plateau region (around 1%). Therefore, it might be argued that the proposed method is not are specific to this study and not generalizable. Using the proposed method in other studies might 2 5 1 thus lead to different values compared to the current study. In conclusion, this study proposed a revision to the Rosenstein's method of calculating LyE to 2 5 3 make it more robust to noise. This new method takes the advantage of choosing multiple points were consistent and reliable. Notwithstanding the relatively limited sample, the proposed is equivalent to the original Rosenstein's method 
